The (p)ppGpp-mediated stringent response is a bacterial stress response implicated in virulence and 22 antibiotic tolerance. RSHs lacking RRM. We demonstrate that, first, the cytotoxicity caused by the removal of RRM is 31 counteracted by secondary mutations that disrupt the interaction of the RSH with the starved 32 ribosomal complex -the ultimate inducer of (p)ppGpp production by second, 33 that the hydrolytic activity of Rel is not abrogated in the truncated mutant. Therefore, we conclude 34 that the overproduction of (p)ppGpp by RSHs lacking the RRM domain is not explained by lack of 35 auto-inhibition in the absence of RRM or/and a defect in (p)ppGpp hydrolysis. Instead, we argue that 36 it is driven by misregulation of the RSH activation by the ribosome. 37 38
The (p)ppGpp-mediated stringent response is a bacterial stress response implicated in virulence and 22 antibiotic tolerance. Both synthesis and degradation of the (p)ppGpp alarmone nucleotide are 23 mediated by RelA-SpoT Homolog (RSH) enzymes which can be broadly divided in two classes: 24 single-domain 'short' RSHs and multi-domain 'long' RSHs enzymes. The regulatory ACT 25 (Aspartokinase, Chorismate mutase and TyrA) / RRM (RNA Recognition Motif) domain is a near-26 universal C-terminal domain of long RSHs. Deletion of RRM in both monofunctional (synthesis-27 only) RelA as well as bifunctional (i.e. capable of both degrading and synthesising the alarmone) Rel 28 renders the long RSH cytotoxic due to overproduction of (p)ppGpp. To probe the molecular 29 mechanism underlying this effect we characterised Escherichia coli RelA and Bacillus subtilis Rel 30
RSHs lacking RRM. We demonstrate that, first, the cytotoxicity caused by the removal of RRM is 31 counteracted by secondary mutations that disrupt the interaction of the RSH with the starved 32 ribosomal complex -the ultimate inducer of (p)ppGpp production by RelA and Rel -and, second, 33 that the hydrolytic activity of Rel is not abrogated in the truncated mutant. Therefore, we conclude 34 that the overproduction of (p)ppGpp by RSHs lacking the RRM domain is not explained by lack of 35 auto-inhibition in the absence of RRM or/and a defect in (p)ppGpp hydrolysis. Instead, we argue that 36 it is driven by misregulation of the RSH activation by the ribosome. 37 2011; Hauryliuk et al., 2015) . E. coli RelA is the most well-studied long RSH. RelA is a dedicated 55 sensor of amino acid starvation with strong (p)ppGpp synthesis activity that is induced by ribosomal 56 complexes harbouring cognate deacylated tRNA in the A-site, so-called 'starved' ribosomal 57 complexes (Haseltine and Block, 1973) . Unlike RelA, which lacks (p)ppGpp hydrolysis activity 58 (Shyp et 
Materials and Methods 108

Construction of bacterial strains and plasmids 109
The strains and plasmids used in this study are listed in Supplementary Tables 1-3.  110 Oligonucleotides used in this study are provided in Supplementary preparation of the putrescine solution, 100 g of putrescine (1,4-diaminobutane) was dissolved in 600 211 mL of ddH2O at 90 °C, and the pH adjusted with acetic acid to 8.0 (approximately 100 mL of 100% 212 acetic acid). After cooling to room temperature, the pH was adjusted further to 7.6 and the volume 213 was adjusted to the final of 2 L by addition of 1.134 L of ddH2O. One 100 mL cup of activated 214 charcoal was added and the slurry was stirred under the hood for 30 minutes. The slurry was filtered 215 through, first, Whatman paper and then through a 0.45 µm BA85 membrane. The final solution was 216 stored at 4 °C in a bottle wrapped in foil since putrescine is photosensitive. were dissolved in ddH2O (»1,500 mL), then the putrescine solution was added and mixed well. 220
Spermidine was dissolved in a small volume of ddH2O and added to the mixture. The pH was 221 adjusted to 7.5 with concentrated acetic acid or 5 M KOH, and after that the volume was adjusted by 222 adding ddH2O to 2 L. The buffer was filtered through 0.2 µm nitrocellulose filter (2-3 filters are 223 needed). The resulting 10X Polymix buffer base was aliquoted and stored at -20 °C. to 400 mM, and the mixture was filtered through 0.45 µm syringe filters. The filtrated lysate was 240 loaded onto a pre-equilibrated 80 mL CIMmultus QA-80 column (BIA Separations, quaternary 241 amine advanced composite column) at a flow rate of 20 mL/min, and the column washed with 5 CV 242 (CV = 80 mL) of low salt buffer (400 mM NH4Cl, 15 mM Mg(OAc)2, 3 mM β-mercaptoethanol, 20 243 mM Tris:HCl pH 7.5). Ribosomes were then eluted in 45 mL fractions by a step gradient to 77% high 244 salt buffer (900 mM NH4Cl, 15 mM Mg(OAc)2, 3 mM β-mercaptoethanol, 20 mM Tris:HCl pH 7.5) 245 for 5 CV, followed by 100% high salt buffer for 1 CV. The fractions containing ribosomes were 246 pooled, the concentration of NH4Cl was adjusted to 100 mM, and the ribosomes were treated with 247 puromycin added to a final concentration of 10 µM. The resultant crude 70S preparation was 248 resolved on a 10-40% sucrose gradient in overlay buffer (60 mM NH4Cl, 15 mM Mg(OAc)2, 0.25 249 mM EDTA, 3 mM β-mercaptoethanol, 20 mM Tris:HCl pH 7.5) in a zonal rotor (Ti 15, Beckman, 17 250 hours at 21,000 rpm). The peak containing pure 70S ribosomes was pelleted by centrifugation (20 251 hours at 35,000 rpm), and the final ribosomal preparation was dissolved in HEPES:Polymix buffer 252 (20 mM HEPES:KOH pH 7.5, 2 mM DTT, 5 mM Mg(OAc)2, 95 mM KCl, 5 mM NH4Cl, 0.5 mM 253
CaCl2, 8 mM putrescine, 1 mM spermidine (Antoun et al., 2004)). 70S concentration was measured 254 spectrophotometrically (1 OD260 corresponds to 23 nM of 70S) and ribosomes were aliquoted (50-255 100 µL per aliquot), snap-frozen in liquid nitrogen and stored at -80 °C. 256
Preparation of 70S initiation complexes (70S IC) 257
Initiation complexes were prepared by as per (Murina et al., 2018a) for 3 minutes, the reaction was started by the addition of prewarmed Rel and 5 µL aliquots were 283 taken throughout the time course of the reaction and quenched with 4 µL 70% formic acid 284 supplemented with a cold nucleotide standard (4 mM GDP and 4 mM GTP) for UV-shadowing. 285
3 H-pppGpp synthesis assay 286
Assays with E. coli RelA were performed as described earlier (Kudrin et al., 2018 To disrupt the interaction between RelA and the tRNA, we adopted the H432E mutation in the TGS 308 domain that was earlier shown to specifically abrogate the recognition of the 3' CCA end of the A/R 309 tRNA (Winther et al., 2018) . This conserved histidine residue stacks between the two cytosine bases 310 and hydrogen-bonds the phosphodiester backbone ( Figure 1B) . Replacing it with glutamic acid 311 introduces a charge repulsion effect as well as a steric clash. To disrupt the interaction with the 312 ribosome we used mutations in the ZFD: R629E as well as a double substitution C602A/C603A; both 313 mutants are expected to compromise the recognition of the 23S rRNA ASF element that is crucial for 314
RelA recruitment (Kudrin et al., 2018) . The conserved double motif docks the ZFD α-helix into the 315 major groove of the ASF; replacement by alanine is expected to abrogate this interaction ( Figure  316 1C). The conserved arginine 629 residue is in close proximity to A886-A887 and A885-A886 317 phosphodiester bonds (3.5Å and 5Å, respectively), and, therefore, the R629E substitution is expected 318 to cause electrostatic repulsion. 319
In good agreement with our previous results (Turnbull et al., 2019), low-level expression of full-320 length RelA has a minor, but detectable growth inhibitory effect both when tested on solid Agar 321 media ( Figure 3A ) and in liquid LB cultures (growth rate decreases from 60 (vector) to 89 min) 322 ( Figure 3B) . Deletion of the RRM renders RelA significantly more toxic (growth rate decreases to 323 148 min). The effect is countered by TGS H432E, ZFD R629E and even more so by the 324 C612A/C613A mutations ( Figure 3AB ). We directly confirm the lack of activation by deacylated 325 tRNA in the case of H432E E. coli RelA using biochemical assays (Supplementary Figure 1) . 326
Taken together, our results suggest that RelA ΔRRM toxicity in E. coli could be dependent on the 327 interaction with starved ribosomes and is not due to a defect in auto-inhibition alone. To test the 328 generality of this hypothesis, we next characterised B. subtilis Rel lacking the RRM domain. 329 Rel that manifests in improved growth. 338
Toxicity of B. subtilis ΔRRM Rel is mediated by (p)ppGpp synthesis and is countered by
Unlike the full-length Rel, the Rel DRRM truncation is toxic in the ppGpp 0 and Drel backgrounds, both 339 when the growth is followed on plates ( Figure 4A ) and in liquid culture ( Figure 4BC) . To probe the 340 role of the interactions with starved ribosomes in Rel DRRM toxicity, we used a set of substitutions in 341 B. subtilis RelA corresponding to those used to study E. coli RelA (Figures 1 and 3) . The toxicity of 342 the Rel DRRM mutant is efficiently countered by the H420E substitution in the TGS as well as the 343 R619E and C602A/C603A substitutions in the ZFD ( Figure 4D ). Figure 4A) . NTD-alone construct displays no 348 toxicity in the ppGpp 0 background and does not promote the growth in the Drel background, 349
suggesting weak -or absent -synthetase activity. 350
To separate the effects of (p)ppGpp production from the effects of (p)ppGpp degradation, we tested 351 synthesis-deficient SYNTH D264G mutants (Nanamiya et al., 2008) of C-terminally truncated Rel 352 variants ( Figure 4A ). (Spizizen, 1958) in the absence of 374 casamino acids, neither of the D264G Rel mutants -either full-length or C-terminal truncations -375 promote growth, both whether or not expression is induced by 1 mM IPTG ( Figure 4E , right panels). 376
Full induction of NTD expression with 1 mM IPTG near-completely supressed the auxotrophy 377 phenotype ( Figure 4E , top right panel), while the leaky expression in the absence of IPTG results in 378 weak, but detectable suppression ( Figure 4E , bottom right panel). This demonstrates that B. subtilis 379 NTD has a weak net-synthesis activity. The Rel DRRM is, as expected, highly toxic when expression is 380 induced by IPTG; conversely, low-level leakage expression efficiently supresses the amino acid 381 auxotrophy phenotype. Removal of both RRM and ZFD domains renders the protein non-toxic. It is 382 not trivial to reconcile this effect with the idea that removal of the RRM renders the protein toxic due 383 to lack of auto-inhibition: one would expect that the additional removal of the ZFD domain would 384 further compromise the CTD-mediated negative control in Rel
We next used the auxotrophy assay to test the effects of the H420E TGS and C602A/C603A ZFD 386 substitutions on the activity of Rel expressed from the native genomic locus under the control of the 387 native promotor ( Figure 4F) . Our microbiological experiments demonstrate that both the C602A and C603A double substitution 411 and the R619E point substitution render Rel DRRM non-toxic, which we attribute to further 412 destabilisation of Rel's interaction with starved ribosomal complexes ( Figure 4D ). To directly probe 413 the effects of these mutations, we used centrifugation experiments with full-length Rel carrying the 414 substitutions. As expected, both the C603A double mutant and R619E full-length variants are 415 compromised in recruitment to the ribosome upon a mupirocin challenge ( Figure 5A) . 416
Taken together, these results demonstrate that Rel ΔRRM is significantly more toxic (i.e. more active in 417 (p)ppGpp production in the cell) than the full-length protein and this toxicity is dependent on the 418 interaction with starved ribosomes, which is, in turn, destabilised in this truncation. As a next step, 419
we set out to test the effects of RRM deletion -either alone or in combination with mutations further 420 compromising the interactions with starved ribosomes -on Rel's enzymatic activity in a 421 reconstituted B. subtilis biochemical system. 422
Purification of RNA-free untagged B. subtilis Rel requires size-exclusion chromatography 423
To purify untagged B. subtilis Rel we combined our protocols used for purification of E. coli RelA 424 (Turnbull et al., 2019) and T. thermophilus Rel (Van Nerom et al., 2019). (Figure 2) . Importantly, 425 during all of the chromatography steps we followed both absorbance at 260 and 280 nm 426 complemented with SDS PAGE analysis of fractions. This is essential in order to identify and 427 specifically pool the fractions containing Rel free from RNA contamination. After the initial capture 428 using immobilized metal affinity chromatography (IMAC) in high ionic strength conditions (750 mM 429 KCl) using HisTrap HP column charged with Zn 2+ in order to avoid possible replacement of the Zn Figure 2D) . Both in the case of 432 the full length ( Figure 2B ) and DRRM Rel (Figure 2C) , the RNA-free fractions constitute the 433 minority of the protein that elute considerably later than the bulk of the RNA-contaminated Rel 434 which elutes considerably. While the SEC step is essential for generating RNA-free Rel preparations, 435 the majority of the protein prep is lost at this stage. After the SEC step, the buffer was exchanged to 436 storage buffer containing arginine and glutamic acid that improve protein solubility and long-term 437 stability (Golovanov et al., 2004) (Figure 2D ), His10-SUMO tag was cleaved off and removed by 438 passing the protein via second IMAC ( Figure 2E ). The quality of the final preparations was assessed 439
by SDS-PAGE ( Figure 2F ) as well as spectrophotometrically: OD260/OD280 ratio below 0.8 440 corresponding to less than 5% RNA contamination (Layne, 1957) . Rel DRRM show that the latter is approximately twice less active ( Figure 5B ). While the defect is 449 detectable, it is in good agreement with our microbiological experiments, relatively mild. 450
Importantly, the enzyme characterised by Ronneau and colleagues (C. crescentus Rel
∆668-719
) was not 451 completely lacking the RRM, and it is possible that the remaining beta-strand alpha-helix turn 452 structural element was interfering with the hydrolysis activity of the construct (Ronneau et al., 2018 Figure 3D ) and is less active (Figure 3E ) as compared to the full-length 484
Rel. A dedicated follow-up study is necessary to clarify this question. 485
Our report expands the mutation toolbox for dissecting the molecular mechanisms of long RSH 486 enzymes. We confirm that, as was shown for H432E E. induced by 1 mM IPTG for 10 minutes followed by a 10 minute challenge with 700 nM mupirocin. 748
To drive the expression of RelR619E Rel the strain as grown in LB supplemented with 1 mM IPTG. 749
In the case of R619E and C602AC603A Rel the culture was treated with mupirocin for 20 minutes. 
